Multilocus sequence typing (MLST) based on the 16S RNA, pduF, glnA, and manB genes was developed for Salmonella, and its discriminatory ability was compared to those of pulsed-field gel electrophoresis (PFGE) and serotyping. PFGE differentiated several strains undifferentiable by serotyping, and 78 distinct PFGE types were identified among 231 Salmonella isolates grouped into 22 serotypes and 12 strains of undetermined serotype. The strains of several PFGE types were further differentiated by MLST, which suggests that the discriminatory ability of MLST for the typing of Salmonella is better than that of serotyping and/or PFGE typing. manB-based sequence typing identified two distinct genetic clusters containing 32 of 54 (59%) clinical isolates whose manB gene sequences were analyzed. The G؉C contents and Splitstree analysis of the manB, glnA, and pduF genes of Salmonella indicated that the genes differ in their evolutionary origins and that recombination played a significant role in their evolution.
Nontyphoidal salmonellae are among the leading causes of food-borne disease in the United States, in which they cause approximately 1.4 million cases of salmonellosis each year (29) . In 50 to 75% of the cases, the etiological agent is acquired from meat, poultry, or eggs, with poultry considered the primary vehicle of transmission (18) . Because of the importance of Salmonella in food-borne disease, numerous typing methodologies have been developed and have been used to trace salmonellosis outbreaks to the contaminated source and to delineate the epidemiology of Salmonella infections. Serotyping of the phase 1 and 2 flagellar proteins (the H1 and H2 antigens, respectively) and the O-specific polysaccharide (O antigen) in the bacterium's lipopolysaccharide-containing outer membrane is one of the most commonly used approaches to the characterization of Salmonella strains (5) . However, the genes encoding O antigens and phase I flagellin have been shown (27, 31) to be extremely variable and highly prone to recombination, which has so far resulted in the identification of more than 2,400 distinct serotypes of Salmonella. This abundance of serotypes, together with the fact that some serotypes crossreact with Escherichia coli and other bacterial species and that special adsorbed sera (not readily available in most clinical and research laboratories) are required for serotyping, limits the usefulness of the assay. Other phenotypic approaches, including phage typing, biotyping, and antibiotic susceptibility testing (20, 36) , also have been used for the characterization of Salmonella strains. However, these techniques are tedious and have other important drawbacks (e.g., phage typing requires specific typing phages, and its reproducibility is of concern). Most importantly, the discriminatory abilities of these approaches are not optimal, and they frequently fail to discriminate between epidemiologically related and unrelated Salmonella strains (6, 40) .
The recent introduction of modern phenotype-based methodologies for the typing of Salmonella strains, such as multilocus enzyme electrophoresis (2) , as well as DNA-based methodologies, including arbitrarily primed PCR (15) , pulsed-field gel electrophoresis (PFGE) (32) , and ribotyping (39) , has addressed some of these problems. However, these methods, although generally superior to serotyping and phage typing, also vary in their reproducibilities and discriminatory abilities. PFGE is recognized (3, 4, 32) to be superior to the other methods and therefore is considered the "gold standard" for the subtyping of Salmonella strains. However, the discriminatory ability of PFGE also is not optimal, and despite strenuous efforts at standardization, there may be striking variability in PFGE gels (and data interpretation) among various laboratories. Thus, approaches which are more discriminatory and less prone to human error are required for epidemiologic investigations of Salmonella outbreaks. In this context, a recently developed (28) methodology called multilocus sequence typing (MLST) may provide an ideal balance of high discriminatory power and a powerful data analysis capability requiring minimal human input. This technique, made possible by the increased availability of robotic sequencers, is based on determination of the nucleotide sequences of a series of predetermined housekeeping, ribosomal, and/or virulence-associated genes. Thus, MLST provides data similar to those obtained by multilocus enzyme electrophoresis, but in substantively greater detail, because it has the ability to assess individual nucleotide changes rather than to screen for changes in the overall charge and expression of the enzyme under study (28) . MLST has rapidly been gaining increased recognition as one of the best molecular typing approaches available today, and it has been used to characterize several pathogenic bacteria, including Neisseria meningitidis (16) , Staphylococcus aureus (12) , Yersinia pestis (1), Streptococcus pneumoniae (11, 17) , Vibrio cholerae (35) , and, most recently, Campylobacter jejuni (9) . However, information about MLST of Salmonella is not available in the peer-reviewed literature, and this is the first report describing the development and use of MLST to characterize this important human pathogen.
The initial aims of this study were to develop the MLST approach for Salmonella (as a possible tool for epidemiologic investigations of salmonellosis outbreaks) and to compare the discriminatory ability of MLST with those of PFGE and serotyping. However, the MLST data generated during the course of our studies also provided us with new insights into the clonal relatedness between environmental and clinical Salmonella isolates, as well as with an increased appreciation of the role of recombination in the genetic diversity of Salmonella strains.
MATERIALS AND METHODS
Bacterial strains. A total of 243 Salmonella strains (182 environmental isolates [obtained primarily from poultry and poultry farms] and 61 clinical isolates) isolated in Maryland from 1996 to 1999 were characterized in this study. In this collection, 231 strains were grouped into 22 serotypes, and the remaining 12 strains were of unknown serotype (phage-typing information was not available for the strains) ( (CDC) was included in the strain collection mentioned above, and it was used as a reference strain during typing by PFGE. PFGE. PFGE was performed as described previously (19) with a CHEF DR II apparatus (Bio-Rad Laboratories, Hercules, Calif.). The DNA in the plugs was digested by incubation (37°C, 4 h) of the plugs with XbaI, and electrophoresis was performed in a 1% agarose gel (in 0.5ϫ TBE [Tris-borate-EDTA] buffer). The following electrophoresis conditions were used: voltage, 180; initial time, 2.2 s; final time, 64 s; run time, 20 h. Bacteriophage lambda ladder pulsed-field grade (PFG) and low-range PFG molecular weight markers were loaded onto all gels. XbaI-digested DNA from Salmonella serotype Newport strain 01144 was used as the reference in all experiments.
MLST. The four Salmonella loci selected for MLST analysis were the genes encoding 16S RNA, phosphomannomutase (manB), glutamine synthetase (glnA), and the 1,2-propanediol utilization factor (pduF). The primers were designed by analyzing corresponding Salmonella and E. coli gene sequences in GenBank (http://www.ncbi.nlm.nih.gov). The sequences were aligned by use of ClustalX (24) , and primers were selected from conserved regions flanking potentially variable internal fragments of the targeted genes ( Table 2 ). The same primers were used for PCR amplification and sequencing.
Bacterial DNA was extracted from the plugs prepared for PFGE. Briefly, plugs containing bacterial DNA were frozen and thawed (at Ϫ70°C and 55°C, respectively) twice in TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]), the supernatants were collected after clarification of the samples by centrifugation (5,000 ϫ g, 10 min), and aliquots (1 l) of the resulting supernatants (containing approximately 50 ng of bacterial DNA) were used as templates for PCR amplification. For most samples, the PCR amplification conditions were 94°C for 5 min, followed by 35 amplification cycles, each consisting of sequential incubation at 94°C (45 s), 55°C (45 s), and 72°C (5 min). When the primers for the glnA gene were used, a reduced annealing temperature (44°C instead of 55°C) was sometimes required in order to achieve reproducible amplification. Sequencing of amplified fragments was performed in both directions with a BigDye Terminator Cycle Sequencing kit (Applied Biosystems, Inc., Foster City, Calif.). The labeled fragments were separated by size by using either an ABI 377 Prism automated sequencer or an ABI 3700 DNA analyzer (Applied Biosystems, Inc.).
Data analysis. During PFGE analysis, the Salmonella isolates were separated according to their PFGE patterns, based on two band differences (38) . The PFGE patterns were compared by means of the Dice coefficient with Fingerprinting DST Molecular Analyst software (Bio-Rad), and clustering of strains was based on the unweighted pair group method with averages (a tolerance of 3% in the band position was applied). The computer-assisted analysis was performed according to the instructions of the manufacturer.
For the analysis by MLST, the internal fragment sequences of the 16S rRNA, manB, glnA, and pduF genes from the subset of Salmonella isolates were analyzed (the number of strains analyzed varied for each locus; Table 1 ). The reading of trace files and the assembly of contigs (for each gene of each strain) were performed with the programs Phred (13, 14) and Phrap (available at http://www.washington.edu), respectively. The sequences were trimmed and aligned by use of the ClustalX program (24) , and the genetic relatedness of the strains was estimated by the maximum parsimony and maximum likelihood approaches. Dendrograms for each of the four genes were constructed by the use of neighbor-joining and bootstrapping algorithms, as implemented in PAUP (37) . The sequence type analysis and recombinational tests (START) program (http://outbreak.ceid.ox.ac.uk) was used to determine the GϩC content, the number of alleles, the proportion of polymorphic sites, and the proportion of nonsynonymous and synonymous base substitutions (d N and d S , respectively). The bootstrapping procedure for splits decomposition analysis, as implemented in the Splitstree program (23) , was used to test for parallel changes in the DNA sequences.
Nucleotide sequence accession numbers. The DNA sequences of the 16S RNA, pduF, glnA, and glpF genes have been deposited in GenBank under accession numbers AF415245 through AF416102. (Fig. 2) revealed that the Salmonella serotype Newport strains were more scattered on the dendrogram than the other strains, e.g., serotype Enteritidis and Typhimurium strains, which formed relatively tighter clusters. PFGE differentiated strains within a single serotype (e.g., 10 PFGE types were identified within the Typhimurium serotype, and 7 PFGE types were identified within the Heidelberg serotype), but not vice versa; i.e., serotyping did not differentiate strains within a single PFGE type.
RESULTS

PFGE analysis.
In order to determine whether genetically related strains clustered according to their source (clinical versus environmental), we defined the minimum size of a cluster as five closely related PFGE types, and we identified, on the basis of the dendrogram shown in Fig. 2 , one cluster containing only clinical isolates (cluster B, encompassing six PFGE types and containing nine strains of Salmonella serotype Newport). In addition, we identified two large environmental clusters, clusters A and C, each of which contained 7 known serotypes and which contained 16 and 9 PFGE types, respectively, and 93 and 15 environmental isolates, respectively (cluster A also contained a single clinical isolate) (Fig. 2) . The two environmental clusters primarily consisted of serotype Hadar isolates (82 [76%] of the 108 isolates in the environmental clusters belonged to serotype Hadar), but they also contained strains of several other serotypes (including serotype Newport) and 6 strains of undetermined serotype.
Analysis by MLST. The number of isolates subjected to MLST varied for each locus and ranged from 183 strains analyzed for pduF gene sequences to 229 strains analyzed for manB gene sequences (Table 1) . This variability in the number of strains for each of the four genes was caused by differences in the number of strains whose fragments were amplified during the PCR (e.g., the primers specific for the 16S rRNA, manB, glnA, and pduF genes amplified those genes from 89, 94, 92, and 75% of the strains in our strain collection, respectively), and exhaustive attempts were not made to analyze the same number of strains for each of the four loci.
The DNA sequences of each of the four genes were analyzed by the maximum parsimony and maximum likelihood methods, previously reported (21) to be well suited for determination of phylogenetic relationships among various bacterial strains and species, and both methods gave consistent results for each of the four genes. Clustering of clinical versus environmental isolates was not observed in analyses with the 16S RNA, pduF, and glnA gene fragments. In contrast, clustering of clinical isolates did occur when the manB gene fragments were analyzed, and the dendrogram (Fig. 3) revealed two distinct clusters containing only clinical isolates (clusters A and B, each of which contained four serotypes and which contained 12 and 20 strains, respectively, and 6 and 12 PFGE types, respectively). Another large cluster (cluster C) contained 34 environmental strains of 11 PFGE types and 7 serotypes and a single clinical isolate (Fig. 3) . The clusters containing clinical isolates (clusters A and B) encompassed 32 of the 54 (ca. 59%) clinical isolates, and the cluster containing environmental isolates (cluster C) encompassed 34 of the 175 (ca. 19%) environmental isolates whose manB gene sequences were analyzed. As with the other three genes, several clusters containing both environmental and clinical isolates were also identified.
Correlation between PFGE and MLST. Several strains within the same PFGE type were clustered into separate types by MLST, but not vice versa (i.e., sequence-based clusters were not confined to a single PFGE type or cluster). For example, Salmonella serotype Hadar strains 104, 135, 164, and 169 (and some other serotype Hadar isolates) were clustered into a single PFGE type by PFGE typing (type P68); however, they were separated into distinct (and often not closely related) sequence types on the basis of sequence typing of their manB loci (Fig. 3) and their glnA and pduF loci (data not shown). As expected, the 16S RNA-encoding gene was highly conserved and grouped most isolates together (data not shown).
Allele and polymorphic site distributions. In order to determine the allele distribution and the number of polymorphic sites (and their proportions) in the four gene fragments analyzed, we used the START program to examine a subset of 107 strains (18 clinical isolates and 89 environmental isolates) for which all sequences were available. The number of alleles varied for the four genes and was the smallest for the 16S RNA fragments, in which only nine alleles were identified. The numbers of alleles were 15, 17, and 32 for the glnA, pduF, and manB fragments, respectively ( Table 2 ). The proportions of polymorphic sites also varied for the four genes, ranging from 0.6% for the 16S RNA fragments to 5.6% for the manB locus. The proportion of nucleotide substitutions that changed the amino acid sequence (nonsynonymous base substitutions [d N ]) and the proportion that did not (synonymous base substitutions [d S ]) were calculated, and the d N /d S ratios were determined to be less than 1 for the manB, pduF, and glnA genes ( Table 2) . A similar analysis could not be performed with the 16S RNA sequences because they do not contain open reading frames.
Splitstree analysis for parallel changes. The subset of 107 strains used for the allele and polymorphic site distribution studies was also used to determine (by the split decomposition method) interrelationships among Salmonella strains based on the manB, pduF, and glnA gene fragments (Fig. 4) . Splitstree analysis of the glnA and pduF loci revealed two parallelograms for each gene. The fits were 65 and 100, respectively, which indicated that the majority of the information was consistent with the analysis. In contrast, initial Splitstree analysis of the manB locus did not reveal any parallelograms (Fig. 4, bottom  left) . However, the probability fit was very low (fit, 24), which prompted us to examine two smaller subsets of strains by the Splitstree method. Eighteen clinical strains were included in the first subset, and 15 environmental strains were included in the second subset. Six parallelograms were observed for the first subset, and the fit improved dramatically (the fit increased from 24 to 80) (Fig. 4, bottom right) . All of the parallelograms had bootstrapping values greater than 50, and approximately half of them had bootstrapping values greater than 80, which indicated that the data were statistically robust. Similarly, a high fit of 84 (with bootstrapping values as high as 57 and 70) and two parallelograms were observed when the manB loci of 15 environmental isolates (the second subset) were analyzed by the Splitstree method (data not shown). 
DISCUSSION
PFGE analyses. Seventy-eight distinct PFGE types were identified among the 232 Salmonella strains whose macrorestriction patterns were analyzed during our study, which supports previous reports (2, 10) concerning the genetic heterogeneity of Salmonella. We found that PFGE was more discriminatory than serotyping for the analysis of Salmonella strains, as PFGE differentiated strains indistinguishable by serotyping. In addition, we found that various serotypes differed in their levels of heterogeneity (as assessed by PFGE typing). Among the five serotypes (serotypes Hadar, Typhimurium, Enteritidis, Heidelberg, and Newport) represented by more than 15 strains in our study, Salmonella serotype Hadar and Salmonella serotype Newport were the most homogeneous and heterogeneous serotypes, respectively (Table 1) . Caution is required in the interpretation of these data, however, because the homogeneity of the serotypes assessed by our PFGE typing method may be due to the specificity of our strain collection. For example, Salmonella serotype Hadar was considered the most homogeneous serotype because it included 58 strains clustered in a single PFGE type (type P68) by PFGE typing, which may be the result of the collection of multiple strains of clonal origin during a short period of time rather than an indication of the genetic homogeneity of the serotype.
Our PFGE analyses grouped some of the clinical and environmental strains into distinct clusters (e.g., clusters B and C, respectively; Fig. 2 ). This is an interesting observation, especially in view of the increasing recognition that some Salmonella serotypes and strains may have an increased virulence potential. In this context, only a few of the more than 2,400 currently recognized Salmonella serotypes (5) are predominantly associated with human salmonellosis, and at least some of these serotypes (e.g., serotypes Typhimurium and Enteritidis) have been reported (33, 34) to have increased pathogenic potentials compared to those of the other serotypes. Moreover, approximately 50% of all Salmonella serotype Enteritidis isolates in the United States have been found to belong to phage type 8, and most of the recent major outbreaks of serotype Enteritidis-associated salmonellosis in the United States have been caused by strains belonging to phage type 4 (20, 30) , which has been reported (22) to have increased virulence in mice and, possibly, in humans. Thus, our observation that PFGE clustered some of the clinical (and, presumably, highly pathogenic) and environmental (and, presumably, less pathogenic) strains into distinct genetic clusters may reflect the differences in the pathogenic potentials between the strains in the clinical and environmental clusters. However, the clustering of clinical isolates was limited to strains of a single serotype (nine strains of serotype Newport), which were grouped into six closely related PFGE types. Therefore, it is likely that the observed clustering reflects the clonal origins of the strains rather than their increased pathogenic potentials.
Comparison of PFGE and MLST analyses. In our study, MLST differentiated strains grouped in a single PFGE cluster and/or type. This finding supports our hypothesis that MLST is more discriminating than PFGE for the typing of Salmonella strains because MLST detects all genetic variations within the amplified gene fragment, whereas PFGE examines only those that are in the cleavage sites for the particular restriction enzyme. PFGE does have the advantage of randomly "probing" the entire genome, whereas MLST only analyzes nucleotides within the targeted gene, a limitation which can be overcome by analyzing multiple genes from various regions of the bacterial chromosome.
In order to compare further the discriminatory abilities of MLST and PFGE, we determined (on trees generated by MLST) the average genetic distances among the strains clustered in distinct PFGE types. In other words, all members or strains of specific PFGE groups were located on the tree generated by MLST, and the average genetic distances among the strains were calculated. If the genetic distances for all members of each of the PFGE groups were zero, PFGE would be considered to describe adequately the genetic variation in these strains. However, the genetic distances were found to be greater than zero, which further confirmed our observation that the discriminatory ability of MLST for the typing of various Salmonella serotypes is greater than that of PFGE. MLST also typed the serotype Kentucky isolates and two Salmonella strains of undetermined serotype that were not typeable by PFGE, which suggests that MLST can be successfully used to type Salmonella strains which cannot be analyzed by the standard PFGE procedure for Salmonella strains.
Clustering of clinical and environmental strains by MLST. Analyses of the DNA sequences by either the maximum parsimony or the maximum likelihood method revealed manB sequence-based clustering of clinical versus environmental isolates (Fig. 3) . In contrast to the cluster of clinical isolates identified by PFGE (Fig. 2, cluster B) , the two manB sequencebased clusters of clinical isolates (Fig. 3, clusters A and B) were not limited to a single serotype but instead contained strains of four serotypes (serotypes Newport, Typhimurium, Heidelberg, and Enteritidis) and several PFGE types. Therefore, it is tempting to speculate that the manB gene may be involved in some, as yet unidentified, function related to the pathogenicity of Salmonella and that the substitutions which caused the strains to be grouped into the cluster of clinical isolates are associated with the strains' potentially increased virulence (compared to the virulence of the strains in the environmental clusters). This hypothesis also supports the idea that the division between "virulence" and "housekeeping" genes in SalmoSha164, Sha165, Sha169, Sha173, Sha176, Sha177, Sha182, Sha186, Sht20, Ske69, Smb27, Snp34-1, Snp39-1, Snp40-1, Snp41-1, Snp76, Sre115, Ssc40, Sse18, Sse94, Sse95, Ste41, Sty2, Sty6, Sty13, Sty13-1, Sty15, Sty15-1, Sty19-1, Sty20-1, Sty31, Sty54, Sty54-1, Sty61, Sty62, Sty85, Sty86, Sty89, Sty90, Swo44, UND3, UND64, UND79, UND80, UND109, and UND110. E includes the following isolates: Sag129, Sen4, Sha48, Sha49, Sha102, Sha131, Sha165, Sha175, Sha182, Sha183, She7-1, Ske69, Snp33-1, Ssc40, Sse28, Sty6, Sty15, Sty15-1, Sty52, Sty89, Sty92, UND109, and UND110. F includes the following isolates: San96, Sca93, Sen23-1, Sen24, Sen24-1, Sen29-1, Sen30-1, Sen34, Sha50, Sha56, Sha77, Sha122, Sha130, Sha138, Sha150, Sha153, Sha157, Sha164, Sha173, Sha176, Sha177, Sha186, She3-1, Sht20, Snp76, Sse95, Ste41, StyI3-1, Sty86, Swo44, UND3, and UND80. G includes the following isolates: Sen5, Sha58, Sha71, Sha141, Sha160, She9, Sty2, Sty13, Sty20-1, Sty31, Sty54, Sty54-1, Sty87, Snp40-1, Snp41-1, and Sse18. Recombinational basis of genetic diversity of the loci analyzed by MLST. The GϩC contents of the glnA and manB genes (61 and 63%, respectively; Table 2 ) were significantly higher than the overall average GϩC content of 51% previously reported (41) for S. enterica and E. coli, which suggests that glnA and manB originated in species other than S. enterica and E. coli and that they were introduced into the common ancestor of Escherichia and Salmonella via horizontal gene transfer. On the other hand, the GϩC content of the pduF gene was 51%; i.e., it was very similar to the overall average for the species. This observation supports the idea that the pduF gene either was directly inherited by Salmonella and E. coli from the same ancestor or was lost by a common ancestor of E. coli and Salmonella spp. and was reintroduced as a single fragment into the Salmonella lineage from an exogenous source, as suggested previously (26) .
The results of the Splitstree analysis suggested that recombinational events played an important role in the evolution of the glnA and pduF genes (Fig. 4) . Initial Splitstree analysis did not reveal parallelograms in the manB gene and, thus, evidence of recombination. However, the fit value of 24 was very low, which could be due to the inability of the program to mathematically describe an excessive number of recombinational events within the gene. To test this hypothesis, we repeated the Splitstree analysis with a subset of 18 clinical isolates, and we observed a significant improvement in the fit values (fit, 80). Moreover, six parallelograms were observed (with bootstrapping values as high as 98 and 93) (Fig. 4, bottom  right) , which suggests that many mutations are involved in the parallel events and that recombinations in the manB gene are frequent. Similar results were observed when a subset of environmental strains was analyzed by Splitstree analysis, which confirms the observation made above and which indicates that recombination in the manB gene is not limited to clinical isolates.
In conclusion, our study is the first peer-reviewed publication concerning MLST of Salmonella, and it demonstrates that MLST has a better discriminatory ability than serotyping and PFGE typing for the typing of various Salmonella strains. The improved discriminatory ability of MLST can be useful for the differentiation of strains involved in food-borne outbreaks of salmonellosis, including strains within the same serotype that are strongly clonal and that may therefore not be differentiable by PFGE typing. Furthermore, our data indicate that, in addition to being a valuable epidemiologic tool, MLST can be useful in suggesting novel putative virulence markers in Salmonella (and, possibly, other species) and may be invaluable for determination of the genetic relatedness among various Salmonella strains and serotypes. Our results also support previous observations (7) that various genes of Salmonella differ in their evolutionary origins and that they evolve at different rates via various evolutionary mechanisms, including recombination. The important implication of this observation is that evolutionary processes within Salmonella-and, most likely, within and/or among other bacterial species-cannot be postulated from data for a single genetic locus (or even a few genetic loci) and that sequencing of multiple genes (or an entire bacterial genome) and the use of various powerful data analysis algorithms are required to gain an improved understanding of the epidemiology and evolution of Salmonella.
